The most photosynthetically active leaves of rice seedlings were severely damaged when shoots but not roots were chilled (10 C/25 C, respectively), but no such injury was observed when the whole seedling was chilled (10 C/10 C). To elucidate the mechanisms, we compared the photosynthetic characteristics of the seedlings during the dark chilling treatments. Simultaneous analyses of Chl fluorescence and the change in absorbance of P700 showed that electron transport almost disappeared in both PSII and PSI in the 10 C/25 C leaves, whereas the electron transport rate in PSI in the 10 C/10 C leaves was similar to or higher than that in non-chilled control leaves. Light-induced non-photochemical quenching in PSII was inhibited in the 10 C/25 C leaves, occurring at only half the level in the 10 C/10 C leaves, whereas non-light-induced nonphotochemical quenching remained high in the 10 C/25 C leaves. The light induction of Chl a fluorescence (OJIP curves) in the 10 C/25 C leaves was similar to that in leaves treated with DCMU. The fluorescence decay after a single turnover saturating flash in the 10 C/25 C leaves was much slower than in the 10 C/10 C leaves. In vivo analyses of the 550-515 nm difference signal indicated decreased formation of a proton gradient across the thylakoid membrane and decreased zeaxanthin formation in the 10 C/25 C leaves. Our results suggest that electron transport was blocked between Q A and Q B in the dark 10 C/25 C leaves, but without irreversible damage to the components of this system. The consequent light-dependent losses of electron transport, proton gradient formation across the thylakoids and thermal dissipation may therefore be responsible for the visible injury.
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Introduction
Little attention has been paid to the effect of temperature differences between shoots and roots on the response of plants to chilling (e.g. Huang et al. 1989 , Zhou et al. 2007 . However, such differences are common (Allen and Ort 2001) , especially in rice paddies or wetlands because of the significant differences among the specific heat capacities of the air, soil and water. Our previous study showed that this difference altered the leaf response and susceptibility to chilling stress, and revealed a novel type of chilling injury: an injury induced by a combination of low shoot temperature and high root temperature (Suzuki et al. 2008) . Severe visible injury, such as bleaching and tissue necrosis, developed in the most photosynthetically active leaves in each rice seedling after only a few days of chilling at Plant Cell Physiol. 52(9): 1697-1707 (2011) doi:10.1093/pcp/pcr104, available online at www.pcp.oxfordjournals.org ! The Author 2011. Published by Oxford University Press on behalf of Japanese Society of Plant Physiologists. All rights reserved. For permissions, please email: journals.permissions@oup.com 9-10 C, but was only observed when the roots were not chilled (10 C for shoots plus 25 C for roots); the injury was not observed when both the shoots and the roots were chilled simultaneously (10 C/10 C treatment). The visible damage was light inducible (Suzuki et al. 2008) . We found that leaf chilling plus high root temperature (10 C/ 25 C treatment) did not cause any visible injury for at least 1 week if the chilling occurred during the dark period. However, even after 1 or 2 d of dark chilling, visible injury was induced by transfer of the seedlings to a light/dark cycle with both the roots and shoots at 20-25 C. Thus, there seem to be two separate processes involved in the injury induced by the 10 C/25 C treatment: a light-independent process and a subsequent light-dependent process. The consequence of the first process during dark chilling can induce the second process in the following light period with both the roots and shoots at 25 C, leading to visible damage. In other words, chilling is not essential for the light-dependent injury process.
The visible damage was preceded by a malfunction of photosynthetic electron transport that occurred during the period of 10 C/25 C treatment, regardless of the light conditions (Suzuki et al. 2008) . In seedlings subjected to the 10 C/25 C treatment, we showed large decreases in the photochemical quenching of PSII (qP), the non-photochemical quenching of PSII (NPQ) and the effective quantum yield of PSII (f II ) in seedlings that had been adapted for 1 h in the dark at 25
C after 24 h of chilling treatment, with or without illumination during the chilling. Together with an overaccumulation of P700 + (the oxidized form of reaction center Chl in PSI), this suggests that the 10 C/25 C treatment caused a malfunction in electron transport somewhere between PSII and PSI; this malfunction appears to block both linear and cyclic electron flows, and the consequent loss of a proton gradient (ÁpH) across the thylakoid membranes disabled thermal dissipation, leading to visible damage in the 10 C/25 C leaves. This idea was supported by measurements of a parameter for excess energy in PSII, 'Excess' (Demmig-Adams et al. 1996) ; the value of this parameter only increased in the 10 C/25 C leaves, reaching saturation within 24 h of chilling in the dark. 'Excess' was also induced by a chilling treatment with a 12 h light/12 h dark transition, but the second light period of the transition caused a large drop in 'Excess' and in the maximum quantum yield F v /F m (Suzuki et al. 2008) .
The large drop in 'Excess' during the second light period required light, as is the case in the well-documented chilling inhibition of PSII and PSI (e.g. Aro et al. 1993 , Terashima et al. 1994 , Sonoike 1996 , Allen and Ort 2001 , Murata et al. 2007 ), although the above-mentioned changes induced by the 10 C/25 C treatment were considered to be mostly involved in the light-independent process, at least before the second light period, and to be closely related to the initial events during the chilling injury (Suzuki et al. 2008) . Thus, the saturated levels of 'Excess' observed during the injury process induced by high root temperature during the second day of dark chilling (Suzuki et al. 2008) seem to reflect the potential to induce the light-dependent process, leading to the development of visible injury after chilling, and the large decreases in 'Excess' and F v /F m (Suzuki et al. 2008) appear to reflect the beginning of the irreversible light-dependent process of chilling injury.
However, when the measurements are performed only after chilling treatments, it is difficult to define the site that is blocked during chilling, distinguish the light-independent and light-dependent processes or exclude the events after chilling. This is particularly true when we evaluate the rates of electron transport in PSII and PSI, the rate of cyclic electron transport and the ÁpH across the thylakoid membranes. To clarify the initial events and elucidate the mechanisms of the chilling injury, we analyzed photosynthetic characteristics in the leaves of rice seedlings at 10 C during the second day of dark chilling treatments, when stable measurements are expected to be possible for several hours without being disturbed by the well-documented 'photoinhibition' that occurs under chilling and the effect of recovery after chilling (Suzuki et al. 2008) .
Results

Photosynthetic parameters during dark chilling
Chl fluorescence and the P700 + level in the third leaves of rice seedlings were analyzed simultaneously during the second day of the dark chilling treatment. In the non-chilled control leaves, the electron transport rates (ETR) in PSI (ETR I ) (Fig. 1B) increased more rapidly than in PSII (ETR II ) (Fig. 1A ), and reached a steady level within 1 or 2 min of the actinic light illumination. The difference between ETR I and ETR II suggests a large contribution of cyclic electron transport during the first 1 min of illumination, as reported by Joliot and Joliot (2006) . ETR II reached a similar level to ETR I within 10 min (Fig. 1) , suggesting that linear electron transport predominates in the control leaves under steady-state photosynthesis. In the 10 C/ 10 C leaves, however, ETR II was less than one-third of ETR I after 20 min, and ETR I was similar to or higher than that in the control leaves after 20 min, suggesting that cyclic electron transport is activated and predominates during steady-state photosynthesis in the 10 C/10 C leaves. On the other hand, in the 10 C/ 25 C leaves, ETR II did not increase during the illumination, although it was initially slightly higher than in the 10 C/10 C leaves. ETR I was initially higher than ETR II in the 10 C/25 C leaves, but decreased rapidly within 2 min, suggesting that the chilling-induced loss of ETR I is a light-dependent event.
To help define the chilling-induced loss of ETR I , we evaluated the donor-and acceptor-side limitations in PSI. Fig. 2 compares the quantum yield of non-photochemical energy dissipation in PSI due to donor-side limitations (f ND ), which is a measure of the P700 + level (Pfündel et al. 2008) , and that due to acceptor-side limitations (f NA ), which is a measure of the level of P700 that cannot be oxidized under light conditions. f ND stayed high from the beginning to the end of actinic light illumination in the 10 C/25 C leaves, although it showed a rapid rise during the first minute and a slow subsequent decline ( Fig. 2A) . In the 10 C/10 C leaves, f ND was undetectable ( Fig. 2A) and f NA was almost 1 for the first 4 min (Fig. 2B) , indicating that the P700 was completely reduced in the 10 C/10 C leaves during this period, suggesting a shortage of electron acceptors (NADP + or oxidized ferredoxin) due to low CO 2 fixation (Shikanai 2007) , although it was mostly oxidized in the 10 C/25 C leaves. These results suggest that electrons were not supplied for the photoreduction of P700 + in PSI in the 10 C/25 C leaves, although the demand was low in the chilled leaves. During steady-state photosynthesis, however, f ND in the 10 C/10 C leaves increased to a level similar to that in the 10 C/25 C leaves, and both were much higher than in the control leaves. f NA in the 10 C/10 C leaves decreased to an undetectable level after approximately 12 min, although f NA in the 10 C/25 C leaves increased to a level close to that in the non-chilled control leaves. Thus, the acceptor-side limitations in PSI disappeared within 15 min of the start of photosynthesis only in the 10 C/10 C leaves (Fig. 2B) , most probably as a consequence of the induction of cyclic electron transport (Miyake 2010) .
Photochemical quenching (qP) is often used as an indicator of the degree of openness of the PSII reaction centers (Maxwell and Johnson 2000) . The effect of chilling on qP was quite similar to the effect on ETR II (Fig. 3A) . There was no significant increase in qP during 20 min of actinic light illumination in the 10 C/25 C leaves, whereas qP increased in the 10 C/10 C leaves, reaching approximately half of the level in the non-chilled control leaves after 20 min of illumination, although the increase was much slower than that in the control leaves, which became saturated within 5 min of illumination. 'Excess', which represents the excess energy in PSII (Demmig-Adams et al. 1996) , stayed high in the 10 C/25 C leaves ( Fig. 3B ), being consistent with the results of an assay after a dark chilling treatment (Suzuki et al. 2008 ). These results suggest that the electron transport following PSII was blocked during the dark chilling, leading to excess energy production in the light that could not be safely dissipated, as suggested previously in leaves 1 h after chilling (Suzuki et al. 2008) .
To evaluate the energy dissipation in PSII, we compared the quantum yields of light-induced (f NPQ ) and non-light-induced (f NO ) non-photochemical fluorescence quenching in PSII (Fig. 4) . f NPQ corresponds to the fraction of the energy dissipated in the form of heat via the regulated photoprotective NPQ mechanism, and f NO reflects the fraction of energy that is passively dissipated in the form of heat and fluorescence mainly due to the closed PSII reaction centers (Klughammer and Schreiber 2008b) . f NO showed a similar pattern to 'Excess' (Fig. 3B) . f NO was high at the beginning of the actinic light illumination in all treatments (Fig. 4A) , as has been reported in barley leaves (Pfündel et al. 2008 ); Pfündel et al. attributed the high f NO at the beginning of illumination to the ÁpH across the thylakoids that is not fully established. However, f NO stayed high for 20 min only in the 10 C/25 C leaves (Fig. 4A) , suggesting insufficient development of a ÁpH. A transient increase in f NPQ was observed in the control leaves, with a timing and + absorption change were analyzed with a Dual-PAM (Walz) at the same temperature and the same place as in the treatments. The actinic light (134 mmol photons m À2 s À1 ) was turned on 5 min after the third leaf was sandwiched between two chilled measuring heads and then wrapped with aluminum foil to avoid any unexpected effect of the light on other seedlings. The control (triangles) was assayed at 25 C after a 3-8 h dark adaptation after a 2 h light period under growth conditions using unchilled seedlings. 10 C/10 C (circles) was assayed in the condition in which the shoots and roots were both chilled at 10 C in the dark for 24-30 h. 10 C/ 25 C (squares) was assayed in the condition in which the shoots were chilled at 10 C but the roots were warmed at 25 C in the dark for 24-30 h. The light induction curve was determined by a Dual-PAM at the same position in the growth chamber where the seedling was chilled for 24-30 h in the dark. A value with a vertical bar is the average and standard error (±SE) of three different seedlings. amplitude similar to those reported in wild-type barley leaves (Pfündel et al. 2008) . f NPQ increased steadily in the 10 C/10 C and 10 C/25 C leaves, although the increase was roughly twice as large in the 10 C/10 C leaves (Fig. 4B) . Despite a severe decrease of electron transport in PSII, the F v /F m values did not change during the dark chilling treatments; the values were 0.80 ± 0.01, 0.80 ± 0.01 and 0.81 ± 0.01 in the 10 C/10 C, 10 C/25 C and control leaves, respectively. These results, which are consistent with those measured 1 h after chilling in our previous research (Suzuki et al. 2008) , indicate that the ability of PSII to reduce the primary quinone electron acceptor of PSII (Q A ) was not affected by dark chilling at either root temperature.
Light induction of transient Chl fluorescence and a P700
+ signal during dark chilling
We examined the light induction of Chl a fluorescence (the OJIP curves) to help define the site between PSII and PSI that was blocked in the dark-adapted 10 C/25 C leaves (Fig. 5A ). The induction pattern in the 10 C/10 C leaves, which showed the J level (at 2-3 ms) at less than half saturation, was almost the same as that in the non-chilled control leaves. On the other hand, the induction pattern in the 10 C/25 C leaves had a much higher J level at 80% saturation than in the control and 10 C/10 C leaves, and was similar to that in non-chilled leaves treated with the photosynthetic inhibitor DCMU to block electron flow between Q A and the secondary quinone electron acceptor of PSII (Q B ), despite a lag compared with the DCMU treatment in the phase between O and J (0-3 ms). These results indicate that electron transfer from Q À A to Q B was blocked in the 10 C/25 C leaves, according to a model-based simulation by Zhu et al. (2005) .
The light induction curves were also compared for P700 + levels ( Fig. 5B) to provide a comparison with the OJIP curves ( Fig. 5A ) based on simultaneous measurements of Chl a fluorescence. The P700 + level in the control leaves was saturated approximately 2 ms after the onset of the saturating actinic light, corresponding to stage J in the OJIP curves (Fig. 5A) . However, the P700 + levels became saturated earlier (before 1 ms) in the 10 C/10 C and 10 C/25 C leaves. The P700
+ then decreased to a steady level in the control and 10 C/ 10 C leaves within 100 and 200 ms, respectively, although P700 + stayed high in the 10 C/25 C leaves throughout this period, at a level comparable with that in the DCMU-treated non-chilled leaves, indicating that electrons were not being transferred from PSII to PSI after the beginning of illumination in the dark-adapted 10 C/25 C leaves.
Chl fluorescence decay kinetics during dark chilling
The fluorescence decay after a single turnover saturating flash principally reflects the transfer of electrons from Q À A to Q B (Cao and Govindjee 1990 , Yi et al. 2006 , Wodala et al. 2008 . The 10 C/10 C leaves showed a decay quite similar to that in the non-chilled control leaves, with both fast (a few hundred microseconds) and intermediate (a few milliseconds) components (Fig. 6) . The fast decay component reflects the electron transfer from Q À A to the Q B sites which contained bound plastoquinone before the flash, and the intermediate component reflects that from Q À A to the Q B sites which were empty at the time of the flash and have to bind a plastoquinone (Wodala et al. 2008) . The decay proceeded much more slowly in the 10 C/25 C leaves, and the fast component of the decay was not detected (Fig. 6 ). This indicates a defect in the ability to transfer electrons from Q À A to Q B in the dark-adapted 10 C/ 25 C leaves even after a single turnover flash.
Light-dependent electron transport in the isolated thylakoid membranes during the dark chilling dark-chilled seedlings, using artificial electron donors and acceptors. The whole-chain linear electron transport activity measured as O 2 uptake dependent on methyl viologen, the PSII activity dependent on the artificial electron acceptor 2,5-dimethylbenzoquinone (DMQ) and PSI activities that depend on duroquinol and the reduced form of 2,6-dichloroindophenol (DCIP red ) were not affected significantly by dark chilling, regardless of whether the roots were chilled (10 C/10 C) or not (10 C/25 C). The O 2 uptake dependent on methyl viologen was inhibited by approximately 20% by removing methylamine from the reaction mixture (Table 1) , but the rate was not affected by the dark 10 C/25 C treatments in the absence of methylamine. The methylamine requirement did not decrease in the dark 10 C/25 C treatments, but rather increased slightly ( Table 1) . These results suggest that the thylakoid membranes were not damaged by dark chilling but that their function was lost in vivo.
Slow dark-light-dark induction of the 550-515 nm difference signals during dark chilling
The light-induced change in the 550-515 nm difference signal reflects changes in both the membrane potential (the electrochromic pigment absorbance shift; ECS) and the zeaxanthin content, in which the rapid response (<1 s time range) is attributed to ECS and the slow response is attributed mostly to the zeaxanthin content ). Compared with the signal level before the actinic light illumination, the signal level was higher after the illumination in the dark in non-chilled control leaves (Fig. 8) . This difference in the 'dark baseline' reflects the light-induced zeaxanthin formation. Judging from the change in the 'dark baseline', the zeaxanthin formation was greatly inhibited in the 10 C/25 C leaves, and zeaxanthin formation was not detected in the leaves in which the resulting visible injury was severe. On the other hand, the formation of zeaxanthin in the 10 C/10 C leaves was similar to or higher than that in the non-chilled control leaves, although the rate of zeaxanthin formation was much lower. The inhibition of zeaxanthin formation in the 10 C/25 C leaves was also supported by the simultaneous measurement of the change in absorbance at 535 nm (data not shown), which reflects both + signal in the third leaves of rice seedlings under dark chilling conditions. Control, the seedlings at 14 d after seed imbibition without chilling treatments; DCMU, the leaves of control seedlings soaked overnight in 200 mM DCMU; 10 C/10 C, both shoots and roots were chilled at 10 C; 10 C/25 C, shoots were chilled at 10 C but roots were kept at 25 C. (A) Values are the averages of four measurements with four different seedlings, expressed as (F t À F o )/(F p À F o ), where F t is the fluorescence intensity at time t after onset of actinic illumination, F o is the initial (minimal) fluorescence intensity and F p is the maximal fluorescence intensity at the P step. A saturation light (10,000 mmol m À2 s
À1
) was applied at time 0. The broken lines indicate the typical times of the O, J, I and P steps reported in the light-induced Chl fluorescence curves. The effective leaf area for measurements was 30 mm 2 , and the marginal area was masked with black paper. (B) The P700 + signal was monitored as the difference of intensities of 875 nm and 830 nm pulse-modulated measuring light reaching the photodetector (Klughammer and Schreiber 2008a) . The values are the averages of four measurements with four different seedlings, expressed as (P t À P 0 )/(P J À P 0 ), where P t is the P700 + signal at time t, P 0 is the initial P700 + signal (in the dark-adapted leaves) and P J is the maximal P700 + signal. the zeaxanthin-dependent and zeaxanthin-independent components of energy-dependent NPQ (Johnson et al. 2009 ).
The increase in the 550-515 nm difference signal after the rapid light-off response, which is also referred to as the 'undershoot' below the 'dark baseline', is considered to reflect the ÁpH that develops across the thylakoids in the light period just before the light-off . The estimated ÁpH in the 10 C/25 C leaves was almost negligible, although ÁpH in the 10 C/10 C leaves was larger than that in the control leaves (Fig. 9) .
Single turnover flash-induced ECS change during dark chilling
The saturating single turnover flash-induced ECS, which we monitored as the 550-515 nm difference signal, reflects the membrane potential across the thylakoid membrane . The change in the 10 C/10 C leaves was similar to those in the non-chilled control leaves both before and after a 20 min pre-illumination (Fig. 10) . The flash after dark adaptation induced a rapid rise (the 'a' phase; Bailleul et al. 2010 ), followed by a slow rise (the 'b' phase), and then by a slow decay (the 'c' phase) in both the control and the 10 C/10 C leaves. The flash after the pre-illumination induced an 'a' phase with a smaller amplitude, without any 'b' phase, followed by a 'c' phase with a much faster decay than that without pre-illumination. The initial decay rate in the 'c' phase seems to reflect slower proton efflux in the 10 C/10 C leaves than in the control leaves, suggesting lower ATPase activity in the chilled leaves. A similar rise was observed in the 10 C/25 C leaves during the 'a' phase, but there was no 'b' phase, and the 'c' phase showed little or no decay both with and without the pre-illumination. The lack of decay in the 'c' phase is quite likely to reflect a lack of formation of a ÁpH, instead of ATPase inactivation, to cause a lack of proton efflux via ATPase. The lack of a 'b' phase in the dark-adapted 10 C/ 25 C leaves (Fig. 10) reflects a lack of electron transport to Cyt b 6 f (Bailleul et al. 2010) . On the other hand, normal charge separation in the PSII reaction center is suggested by the lack of an obvious difference in the 'a' phase between the two treatments.
Discussion
We showed in this study that the dark 10 C/25 C treatment of rice seedlings blocked the electron transfer from Q À A to Q B in the leaves. The disabled electron transfer seems to be caused by a loss of accessibility of the Q B site to plastoquinone that occurred independently of light in the 10 C/25 C leaves, a hypothesis that is supported by the Q A fluorescence decay Fig. 7 Photosynthetic electron transport in the thylakoid membranes isolated from the third leaves of rice seedlings. Thylakoids were isolated from the seedlings chilled in the dark for 48 h. The chilling treatments were started at 14 d after seed imbibition. Control, the seedlings at 14 d after seed imbibition without chilling treatments; 10 C/10 C, both shoots and roots were chilled at 10 C; 10 C/25 C, shoots were chilled at 10 C but roots were kept at 25 C. The control was assayed for all series of chilling treatments. A value with a vertical bar is the average and standard error (±SE) of three or more separate experiments. The values are the averages ± SE of two independent experiments with duplicate measurements.
kinetics (Fig. 6) . The in vitro activity of PSII was, however, not inhibited in thylakoids isolated from these leaves (Fig. 7) . This suggests that the blockage observed in vivo is not caused by degradation or dissociation of one or more components of PSII, but is instead caused by an interaction of the component or components with a certain molecule, or with a certain form of the molecule, that is easily removed during preparation of the thylakoids for in vitro analysis. This molecule is most likely to be involved in inhibition of the accessibility of the Q B site to plastoquinone, by direct occupancy of the Q B site by the molecule, by an interaction with one or more thylakoid components to induce a conformational change or by a reaction that induces over-reduction of plastoquinone, even in the dark. Nitric oxide was reported to have the potential to bind to the Q A -Fe 2+ -Q B complex (Goussias et al. 2002) , thereby inhibiting electron transfer from Q À A to Q B (Diner and Petrouleas 1990, Wodala et al. 2008 ). Nitric oxide is likely to be produced under conditions of nitrate accumulation, and these conditions would exist in the 10 C/25 C leaves. The water transport rate from the roots was the same or higher in the 10 C/25 C seedlings compared with that in the non-chilled control seedlings, although it was almost negligible in the 10 C/10 C seedlings (Suzuki et al. 2008 ). Thus, it seems likely that nitrate was supplied from the roots, but nitrate utilization is not expected without operation of the two photosystems in the 10 C/25 C leaves. Nitric oxide, probably accompanied by nitrate and nitrite, may therefore be a good candidate for the trigger of the light-independent process of chilling injury induced by high root temperature.
The blockage of electron transport between Q A and Q B appears unlikely to inhibit the ETR I by itself, as a reduced ETR II often activates cyclic electron flow around PSI to enhance ETR I (Joliot and Joliot 2006, Miyake 2010) . In fact, in the 10 C/10 C leaves, ETR I seems to be higher than that in the non-chilled control leaves under steady-state photosynthesis (Fig. 1B) , although ETR II was quite low in the 10 C/10 C leaves (Fig. 1A) . However, it seems likely that cyclic electron transport is disabled by rapid depletion of electrons in the light, which is suggested by the rapid drop of ETR I (Fig. 1B) and the rapid rise of f ND (Fig. 2A) in the 10 C/25 C leaves that is observed just after the onset of actinic light.
When both linear and cyclic electron transport are blocked in the 10 C/25 C leaves (Fig. 1) , it becomes impossible to build up a ÁpH across the thylakoid membrane and to produce zeaxanthin, as indicated by the analyses of the 550-515 nm difference signal (Figs 8-10 ). This is important because zeaxanthin plays important roles in thermal dissipation in PSII and in scavenging reactive oxygen species (ROS) and dissipating singlet Chl (Havaux and Niyogi 1999, Müller et al. 2001) . Thus, it is very likely that the visible injury induced by high root temperature plus chilling is caused by ROS accumulation induced by a malfunction in the thermal dissipation mechanism.
Our observations suggest a close relationship between the visible injury and 'Excess'. We previously reported a large drop in 'Excess' (Suzuki et al. 2008) . 'Excess' increased in the 10 C/ 25 C leaves, reaching saturation within 24 h of chilling with or without light, although the 'Excess' disappeared when the chilling treatment was finished after the onset of a second light period in the chilling treatment with a 12 h light/12 h dark transition. These results were obtained after 1 h of dark adaptation at 25 C after the chilling treatments. We observed almost the same changes even during the chilling treatment: low f NPQ (Fig. 4B) , high 'Excess' (Fig. 3B) and a big drop in 'Excess' (data not shown). However, a large drop was not observed in f NO during the second light period (data not shown). Although both f NO and 'Excess' reflect the energy that is passively dissipated from the closed PSII reaction centers, the big difference observed in their behaviors resulted from the fact that the change in 'Excess' reflected the change in F À F o 0 during chilling (calculated from Suzuki et al. 2008) . In contrast, the change in f NO reflected the change in 1/F m during chilling, where
is the minimum fluorescence observed immediately after illumination, F is the steady-state fluorescence observed during illumination, F m 0 is the maximum fluorescence measured during illumination and F m is the maximum fluorescence of a dark-adapted leaf. f NO is considered to reflect the sum of energy dissipation in the forms of heat and fluorescence, mainly from closed PSII reaction centers (Klughammer and Schreiber 2008b) . On the other hand, 'Excess' appears to reflect the excitation energy absorbed by closed PSII, which is not dissipated as heat (Demmig-Adams et al. 1996) . Thus, the drop in 'Excess' after the onset of the second light period in the chilling treatment (Suzuki et al. 2008) suggests another light-dependent event, namely a loss of fluorescence emission from the closed PSII reaction center at high f NO , and most probably reflects critical conditions in PSII in the 10 C/25 C leaves. Other details are the same as in Fig. 8 .
In conclusion, we hypothesize the following mechanism for chilling-induced injury: chilling eliminates the ÁpH across the thylakoid membranes by blocking both linear and cyclic electron flows, as a consequence of disabled electron transfer from Q À A to Q B , which is a light-independent reaction, although the underlying cause is still not clear. The consequent malfunction of ÁpH-dependent thermal dissipation might be a major cause of the visible injury induced in the light during or after chilling.
The initial mechanism that blocks the electron transfer from Q À A to Q B remains unclear, and the signal from the roots that triggers the initial event in the chilled leaves is also unclear. Both the mechanism and the root signal might be related, however, to an excess supply of water or other molecules from the roots, because there are large differences between the 10 C/ 10 C and 10 C/25 C leaves in water content and water transport activity from the roots to the shoots (Suzuki et al. 2008) . Further investigations are currently underway to identify the materials that accumulate in the 10 C/25 C leaves and the thylakoid components that are involved in the chilling-induced injury.
Materials and Methods
Plant materials and growth conditions
Rice (Oryza sativa cv. Akitakomachi) seeds were germinated for 3 d in tap water in the dark at 20-25 C, then were placed one by one in 21 pores (approximately 8 mm in diameter) across the expanded polystyrene cap on a 500 ml plastic pot filled with the nutrient solution. The cap was attached to a plastic mesh at the bottom to support the seeds. The pots were maintained in a controlled-environment growth chamber (PGR15; Conviron) with day/night (12 h/12 h) temperatures of 25 / 20 C and a relative humidity of 75%, as described previously (Suzuki et al. 2008) . Light was provided by fluorescent lamps and incandescent bulbs with a photosynthetically active radiation (PAR) of approximately 500 mmol photons m À2 s À1 at the leaf level unless otherwise specified. The nutrient solution was prepared by adding the following components to tap water, with the pH adjusted to 5.7 (Suzuki et al. 2008 
Chilling treatment
We used 14-day-old seedlings for the chilling treatment. The seedlings were transferred 1.5 h after the onset of the light period into pots containing fresh nutrient solution that had been equilibrated at either 10 or 25 C in the PGR15 chamber. Growth conditions were day/night (12 h/12 h) at 10 C, a relative humidity of 90% and a PAR of 650 mmol photons m À2 s À1 unless otherwise specified. The seedlings were treated in one of two ways: in the 10 C/10 C treatment, both the leaves and the roots were maintained at 10 C; in the 10 C/25 C treatment, the leaves were maintained at 10 C and the roots were maintained at 25 C. Both temperature regimes were maintained throughout the day and night, as described previously (Suzuki et al. 2008) . The seedlings that were transferred into pots and grown as before without chilling were used as the controls. All treatments were performed with 2-6 pots: one to check the visible injury after the treatments, and the others for the ) in the third leaves of rice seedlings under dark chilling conditions. (A) The seedlings at 14 d after seed imbibition without chilling treatments (control); (B) both shoots and roots were chilled at 10 C (10 C/10 C); (C) shoots were chilled at 10 C but roots were kept at 25 C (10 C/25 C). A single turnover saturation flash (10,000 mmol m À2 s À1 ) was applied at time 0. The data presented are the average of three or more traces from individual seedlings with 90 points averaging.
analyses described below. All analyses were performed in at least three separate experiments.
Chl fluorescence and P700
+ absorbance measurements Chl fluorescence and P700
+ absorbance changes were measured simultaneously with a Dual-PAM-100 system (Walz), which is capable of measuring P700 and Chl fluorescence simultaneously. Measurements were taken under ambient levels of CO 2 and O 2 . The third leaf of rice seedlings that had been chilled in a dark growth chamber for 24-30 h under 10 C/ 10 C or 10 C/25 C conditions was sandwiched between the device's two measuring heads DUAL-E and DUAL-B (which were chilled to 10 C to avoid changes in leaf temperature) in the PGR15 chamber, and then wrapped with aluminum foil to avoid the effects of the instrument's light on other seedlings. The measurements were performed using the automated induction and recovery program provided by the Dual-PAM software (Pfündel et al. 2008) , with a slight modification. The fluorescence (F) and P700 + (P) signals were recorded at intervals of 0.3 ms. After a 1 min dark period with two saturation pulses to determine the minimum fluorescence of the darkadapted leaf (F o ), the maximum fluorescence (F m ) and the maximum P700
+ signal (P m , the maximum ÁI/I), red actinic light (at 134 mmol photons m À2 s
À1
) was supplied for 20 min, and saturating light pulses were provided every 20 s for the first 10 min and every 1 min for the rest of the assay period to determine the maximum fluorescence signal (F m 0 ) and the maximum P700
+ signal (P m 0 ) under the actinic light. Each saturation pulse was followed by a 1 s dark interval to determine the minimum level of the P700 + signal (P o ). qP was calculated as follows, according to the method of Oxborough and Baker (1997) :
0 was estimated using the following approximation (Oxborough and Baker 1997) :
The excess energy ('Excess') was calculated as follows (Demmig-Adams et al. 1996) :
The complementary quantum yields of energy conversion in PSII were calculated using the Dual-PAM software according to the method of Kramer et al. (2004) , which can be transformed into the following simpler equations (Hendrickson et al. 2004, Klughammer and Schreiber 2008b) :
The complementary quantum yields of energy conversion in PSI were defined in the Dual-PAM software as follows, according to Klughammer and Schreiber (2008b) and Pfündel et al. (2008) , although the correct interpretation of P m À P m 0 remains debatable:
ETR in the two photosystems was calculated using the Dual-PAM software:
where PAR is measured as the photosynthetic photon flux density (mmol photons m À2 s À1 ), 0.84 is the assumed absorption factor of green leaves and 0.5 expresses the equal distribution of excitation energy between PSII and PSI (Maxwell and Johnson 2000) .
Changes in Chl fluorescence and P700 + absorbance were also measured at 25 C in the non-chilled control leaves, which were the third leaves of 14-day-old seedlings, after 15 h of dark adaptation.
The light induction kinetics of Chl fluorescence and P700 oxidation were also monitored simultaneously, and the Chl fluorescence decay following the single turnover flash was monitored as well, using automated routines provided by the Dual-PAM software. DCMU treatment of non-chilled leaves of the 14-day-old seedlings to inhibit photosynthesis was performed by soaking the leaves in 200 mM DCMU in 1% ethanol during the 15 h dark adaptation period without detaching the leaves.
P515/P535 measurement
The dual-beam 550-515 nm difference signal and the single-beam 535 nm signal were monitored simultaneously using the P515/535 module of the Dual-PAM-100 and the automated routines provided by the Dual-PAM software .
Isolation of thylakoids
Thylakoid membranes were prepared according to the method of Terashima et al. (1989) , with some modifications. Leaf segments were homogenized using a Polytron (Kinematica, Lucerne, Switzerland) in ice-cold pH 7.0 isolation buffer containing 50 mM 3-(N-morpholino)propanesulfonic acid (MOPS)-KOH, 10 mM NaCl, 5 mM MgCl 2 , 5 mM CaCl 2 , 0.3 M sorbitol and 2 g l À1 bovine serum albumin. The homogenate was filtered through four layers of Miracloth (Merck) and the filtrate was centrifuged at 6,000 Â g for 4 min at 4 C. The precipitate was kept on ice until use and was carefully resuspended just before use in ice-cold pH 6.5 reaction buffer containing 50 mM MES-KOH, 10 mM NaCl, 5 mM MgCl 2 , 5 mM CaCl 2 and 0.3 M sorbitol. All these isolation procedures were carried out at 4 C. The Chl content in the thylakoid preparation was determined after extraction with 96% (v/v) ethanol (Wintermans and De Mots 1965) , and the preparation was diluted to 10 mg Chl ml À1 with the reaction buffer for the reactions described in the following section.
Measurements of electron transport in isolated thylakoids
The light-dependent oxygen exchange was measured at 25 C with a DW2/2 oxygen electrode (Hansatech) at a saturating light intensity (2,700 mmol photons m À2 s À1 ) provided by a KL1500LCD light source (Schott). The whole-chain linear electron transport from H 2 O to methyl viologen was assayed in the presence of 10 mM methylamine, 1 mM sodium azide and 1 mM methyl viologen, according to the method of Yamori et al. (2008) , in the reaction buffer described in the previous section. The electron transport in PSII from H 2 O to DMQ was assayed in the presence of 1 mM DMQ, according to the method of Terashima et al. (1989) . The electron transport in PSI from duroquinol (DQ red ) to methyl viologen (Izawa and Pan 1978, White et al. 1978) was assayed in the presence of 1 mM DQ red , 200 mM methyl viologen, 1 mM sodium azide, 10 mM DCMU and 250 U ml À1 superoxide dismutase (S-7571; SigmaAldrich). DQ red was prepared according to the method of White et al. (1978) by creating a 50 mM solution of duroquinone in degassed methanol and reducing the solution by adding 4 mg of solid borohydride (NaBH 4 ). The excess NaBH 4 was then removed by adjusting the pH to 6 by adding a small amount of HCl. The electron transport in PSI from DCIP red to methyl viologen (Izawa 1980) was assayed in the presence of 70 mM DCIP, 1 mM sodium ascorbate, 1 mM sodium azide, 10 mM DCMU and 250 U ml À1 superoxide dismutase. 
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